RNA excess h y b r i d i z a t i o n experiments were used t o measure t h e complexi t y of n u c l e a r RNA, poly(A + ) mRNA, poly(A~) mRNA, and EDTA-released polysomal RNA sedimenting a t < 8 0 S i n mouse l i v e r and i n c u l t u r e d mouse c e l l s . With both c e l l t y p e s , poly(A") RNA was found t o c o n t a i n 30-40% of t h e sequence d i v e r s i t y of t o t a l mRNA. In the case of l i v e r t h i s r e p r e s e n t s 5,700 poly(A-) molecules and 8,600 poly(A+) molecules f o r a t o t a l of approximately 14,300 d i f f e r e n t mRNAs. Comparison of t h e complexity of mRNA with t h a t of n u c l e a r RNA revealed t h a t i n l i v e r and i n c u l t u r e d c e l l s , mRNA has only 10-207, of t h e sequence d i v e r s i t y p r e s e n t i n n u c l e a r RNA. This latter observation is consistent with existing data on mammalian cells from this and other laboratories.
INTRODUCTION
The discovery of a poly(A) t r a c t of approximately 200 r e s i d u e s a t the 3' terminus of mRNA i n e u k a r y o t i c c e l l s h a s proved i n t e r e s t i n g both i n terms of i t s biological function and also because i t provides a relatively simple How well these measurements represent the true complexity of cellular mRNA is principally determined by the extent to which the sequence diversity of the total mRNA is reflected in the population of poly(A + ) mRNAs. To the best of our knowledge, no measurements on the complexity of poly(A~) mRNA have been published. Since information on the sequence diversity of poly(A~) mRNA is essential to a complete assessment of the overall complexity of mRNA in mammalian cells, a series of experiments were undertaken to make such measurements using RNA from mouse liver and from cultured mouse fibroblasts. In order to properly evaluate the data, the complexities of total mRNA and of poly(A + ) mRNA were also determined under identical conditions. Since the primary concern was to determine the total complexity of the RNA from the various cellular fractions, it must be emphasized at the beginning that the experiments were intended to measure saturation values as opposed to resolving the number of frequency classes in the different RNA preparations.
A study of the complexity of poly(A~) mRNA can at present only be approached by using large quantities of RNA to drive reactions containing small amounts of radiolabeled DNA. Furthermore, since only a small fraction 13 14 of the genome is represented in liver polysomal RNA ' such experiments require DNA labeled to high specific activity and partially purified transcribed sequences. The first criterion was fulfilled by labeling DNA in vitro in a manner similar to that applied by Galau et al. to sea urchin DNA. The second criterion was met by hybridizing total liver RNA with total nonrepetitive DNA and isolating the DNA from the hybrids for use in the experiments with poly(A + ) and poly(A~) mRNA.
In the case of the particular line of cultured mouse cells used in this study, we showed previously that a surprisingly large proportion of the genome is transcribed. Therefore, measurements with poly(A"*") and poly(A~) mRNA could be made using DNA labeled in vivo and without prior enrichment for the transcribed sequences. Thus the data obtained with the cultured cells provided a control for any bias that might result from the more complicated manipulations involved in the measurements on liver cells.
There were also several factors to be considered with regard to the preparation of RNA for this investigation. One of these was the necessity to minimize the possibility that the poly(A~) mRNA would be contaminated with poly(A + ) mRNA from which the poly(A) had been lost. In contrast with this was the need to purify the mRNA sufficiently to remove any heterogeneous nuclear RNA (hnRNA) that leaked from the nuclei during the process of c e l l f r a c t i o n a t i o n . Since both of t h e s e g o a l s could not be achieved with a s i n g l e methodology, RNA was i s o l a t e d i n two ways: (1) Poly(A + ) and poly(A~) mRNAs were o b t a i n e d u s i n g a procedure t h a t involved minimum handling p r i o r t o the s e p a r a t i o n of t h e two p o p u l a t i o n s ; (2) T o t a l mRNA was p r e p a r e d from polysomes by i n i t i a l l y s e l e c t i n g t h o s e t h a t sediment a t >100 S, d i s s o c i a t i n g t h e s e polysomes with EDTA and then s e l e c t i n g t h e r i b o n u c l e op r o t e i n sedimenting a t <80 S. I t was reasoned t h a t any d i f f e r e n c e i n complexity between a mixture of poly(A + ) and poly(A~) mRNA o b t a i n e d by t h e f i r s t method and the <80 S mRNA by t h e second method would provide an e s t i m a t e of the maximum c o n t r i b u t i o n t h a t would be made by hnRNA.
MATERIALS AND METHODS
P r e p a r a t i o n of Mouse L i v e r . Ten-week-old male NYLAR mice were pooled, minced with a s t e r i l e s c a l p e l , the buffer poured off and 10 ml of fresh buffer A added. The minced l i v e r was then forced through a 40-mesh t i s s u e sieve (E. C. Apparatus Corp.) using 20 ml of buffer A. T r i t o n X-100 was added t o 0.05% and the suspension s t i r r e d for 5 min at 4°C. The suspension was f i l t e r e d through s t e r i l e gauze and the gauze rinsed with 10 ml of buffer A containing 0.05% t r i t o n X-100. The n u c l e i were c o l l e c t e d by c e n t r i f u g i n g for 5 min at 500 g and 4 C. The nuclear p e l l e t was washed twice with 10 ml of buffer A containing 0.05% t r i t o n X-100. The f i n a l nuclear p e l l e t was used to prepare nuclear RNA. The supernatants from the l y s i s and washing steps were pooled and centrifuged for 25 min a t 8,000 g and 4 C. The supernatant from t h i s l a s t c e n t r i f u g a t i o n was layered over 3.5 ml of 2.0 M sucrose in 0.14 M NaCl, 0.01 M Tris-HCl (pH 7 . 4 ) , 0.008 M MgCl-and centrifuged for 2 h a t 55,000 rev/min and 4°C using the 60 Ti r o t o r i n a Beckman L5-65 c e n t r i f u g e . The polysome p e l l e t was e i t h e r used t o i s o l a t e polyCA" 1 ") and poly(A~) RNA, or f u r t h e r processed t o obtain EDTAreleased RNA sedimenting at <80 S. The number of nuclei were counted in a hemacytometer at each step a f t e r the i n i t i a l a d d i t i o n of t r i t o n X-100. No change in the number of nuclei was observed during subsequent washings with 0.05% t r i t o n X-100. A t o t a l of t h r e e d e t e r g e n t washings were required t o obtain n u c l e i which appeared clean when observed with a p h a s e -c o n t r a s t microscope. I t was found t h a t e i t h e r r a i s i n g the t r i t o n X-100 c o n c e n t r a t i o n to 0.1%, or washing with other d e t e r g e n t s (NP-40, sodium deoxycholate, Isolation of RNA Sedimenting at <80 S. The procedure for obtaining an RNA fraction sedimenting at <80 S was similar to that described by Galau 21 et a l .
The polysome pellets obtained after centrifugation through 2.0 M sucrose were resuspended, sedimented through linear 15-30% sucrose gradients, and the polysomes sedimenting at >100 S were collected. These polysomes were dissociated by treatment with EDTA, then centrifuged through a second 15-30% sucrose gradient and the R N A sedimenting at < 90 S was recovered and purified for use in the hybridization experiments. The exact details of the procedure have been published.
Labeling DNA In Vivo. Secondary cultures oC mouse embryo c e l l s were grown in half-gallon roller bottles in a modified Eagle's medium containing 10% fetal bovine serum. When the c e l l s were about 50% confluent, the medium was poured off and fresh medium containing 5 pCi/ml of thymidine methyl-H (New England Nuclear Corp., sp. act. = 91 Ci/mM) was added. After 24 h the medium was changed again and fresh medium containing thymidine methyl-as above was added. Forty-eight hours after the f i r s t medium change the cells were harvested by trypsinization. Nuclei were prepared 22 and DNA purified as described by McCarthy and Hoyer.
Purified DNA was sheared and the nonrepetitive sequences isolated and characterized as 20 previously described.
The final DNA preparation had a sp. act. = 5. ""Livers from 8 mice were processed as described under Materials and Methods., The t o t a l liver wet weight was 9.19 g. The number of nuclei/g was 4.1 x 10 .
Complexity of Nuclear RNA. Figure 2 shows that the sequence diversity of liver cell nuclear RNA is the same as that of total RNA.
However, under identical conditions the nuclear RNA takes approximately twice as long as total RNA to reach one-half of the final saturation value. The reason for this is presently unclear and we are unaware of any published data from other laboratories with which to compare this observation. However, it has recently been reported in studies with rat liver that the poly (A ) mRNA sequences have a narrower frequency no distribution in the nucleus than they do in the cytoplasm.
Since t o t a l RNA contains a l l of the sequences from both nucleus and cytoplasm, the higher concentration of some mRNAs in the cytoplasm could at least partly Mouse Liver Polv(A~) RNA. The reaction between l i v e r poly(A~) mRNA and mouse E-DNA i s also i l l u s t r a t e d in Figure 3A . Again, two different preparations of poly (A ) mRNA and E-DNA yielded e s s e n t i a l l y i d e n t i a l data.
In t h i s c a s e , s a t u r a t i o n occurs when 3. Although the discrepancy between the <80 S RNA data and that from the mixture of poly(A ) and poly(A ) sequences raises the possibility that hnRNA i s present in one or both of the l a t t e r RNA preparations, i t i s also conceivable that some RNA species were lost during the processing required to obtain mixing experiment compares favorably with our e a r l i e r measurements using < 80 s RNA. Overall, the data on cultured c e l l s also suggests that 30-40% of mRNA i s not polyadenylated and thus supports the conclusions derived from the experiments with mouse l i v e r .
DISCUSSION
The major goal of this study was to provide information on the contribution poly(A ) mRNA makes to the t o t a l sequence diversity of polysomal mRNA. Our results show that in both mouse liver and cultured mouse c e l l s , 30-40% of the total mRNA complexity i s derived from poly(A~)
mRNA. The proportion of the mRNA complexity residing in poly(A) and poly(A ) sequences was determined using the same E-DNA preparation and therefore is not dependent on the amount of the E-DNA that remains reactable. It should probably be cautioned here that one cannot rule out with certainty the possible existence of a complex class of mRNAs which occur at such a low frequency that they would not be detected in these experiments.
Should such a class exist, i t i s conceivable that i t s complexity could be distributed among poly(A ) and poly(A~) m R N A in such a way as to a l t e r the distribution revealed by our experiments. Grant No. AGOO2O7 from the National I n s t i t u t e of Aging.
